INTRODUCTION
============

One of the key questions in the molecular recognition of DNA is: what drives small organic molecules to bind into the minor groove of DNA with a particular affinity and specificity? The answer to this question is of both practical (rational design of novel drugs) and fundamental (understanding of ligand--DNA interactions) interest ([@B1; @B2; @B3]). Organic molecules that bind into the DNA minor groove have a wide range of biological activities; they are important in biotechnology as fluorescent DNA strains, and they are potential agents for modulation of gene expression ([@B4; @B5; @B6; @B7; @B8]). Moreover, binding studies of such compounds have provided fundamental information about DNA recognition properties and they continue to act as important models in the study of DNA complexes ([@B2],[@B3],[@B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16]). It is now well established that molecular understanding of DNA minor groove recognition by small organic ligands requires the detailed thermodynamic information that cannot be obtained by structural or computational studies alone ([@B2],[@B3],[@B9; @B10; @B11],[@B17]).

Existing structural evidence suggests that there is little, if any, change in the conformation of DNA or the minor groove binder on association. Therefore, the minor groove binding has been considered to be a rigid-body association accompanied by zero conformational free energy change ([@B2],[@B3],[@B9; @B10; @B11]). On the other hand, it is always possible that, in solution at different ligand/DNA ratios, various conformations of DNA exist that differ from those observed in 3D structures of ligand-free and fully ligated DNA. Our results provide firm experimental evidence that conformational changes of DNA can be induced by binding of classical minor groove agents. Therefore, to understand DNA recognition at the molecular level we need to answer the question: what are the forces that drive the binding-coupled conformational changes?

To investigate the linkage between the thermodynamics of ligand binding and DNA structural alterations, we studied binding of the dicationic minor groove binder netropsin (L) to a DNA oligonucleotide that folds into hairpin (H) and contains a specific netropsin-binding site AATT ([Figure 1](#F1){ref-type="fig"}) by using isothermal titration calorimetry (ITC), circular dichroism spectroscopy (CD) and native gel electrophoresis (PAGE). Figure 1.Mechanism of binding of the minor groove-directed ligand to the DNA oligonucleotide. The proposed mechanism that is well supported by experimental data ([Figure 4](#F4){ref-type="fig"}) shows that the binding-coupled conformational changes are crucial for interpretation of DNA (hairpin=H) association with a classical minor groove binder (netropsin=L). D~2~L and D~2~L~2~ represent the duplex conformations complexed by one or two molecules of L, respectively.

MATERIALS AND METHODS
=====================

DNA and ligand preparation
--------------------------

Purified (HPLC) samples of oligonucleotide (H) 5′-CGAATTCGTCTCCGAATTCG-3′ containing a netropsin (L; see [Figure 1](#F1){ref-type="fig"}) binding site sequence were obtained from Midland (USA) and Invitrogen (Germany) while netropsin (L) was obtained from Sigma Aldrich (USA). The concentration of H in the measuring solution was verified by UV spectroscopy with a molecular extinction coefficient determined using a nearest neighbour calculation for single-strand DNA at 25°C ([@B18]) and the absorbance at 260 nm of thermally denatured oligonucleotide extrapolated back to 25°C (ε~H,260~=161 000 M^−1^· cm^−1^). The concentration of L was verified by absorbance at 296 nm and 25°C using the published extinction coefficient (ε~L,296~=21 500 M^−1^· cm^−1^) ([@B19]). H and L solutions were prepared in phosphate buffer (10 mM Na-phosphate, 200 mM NaCl, 1 mM EDTA, pH = 7.0) that enables relatively good comparison with previous reports on spectral and thermodynamic characteristics of netropsin--DNA association ([@B2],[@B3],[@B11],[@B19],[@B20]). Prior to each calorimetric and spectroscopic measurement, H and L solutions were degassed for ∼20 min.

Isothermal titration calorimetry (ITC)
--------------------------------------

ITC experiments were performed between 10 and 30°C by titrating a solution of L (*c*~L~ ∼ 200 μM) into a solution of H (*c*~DNA~ ∼ 15 μM, *V* = 1.386 ml) using a VP-ITC isothermal titration calorimeter from Microcal Inc. (Northampton, MA, USA). The area under the peak following each injection of L solution was obtained by integration of the raw signal, corrected for the corresponding heat of dilution and expressed per mole of added L per injection, to give the enthalpy of interaction (Δ*H~T~*). The experimental Δ*H~T~* ([Figure 4](#F4){ref-type="fig"}a and b) data were modelled as described below.

Differential scanning calorimetry (DSC)
---------------------------------------

DSC measurements were performed with a Nano-II DSC scanning calorimeter (CSC, UT, USA). Thermal unfolding of H (*c*~DNA~ ∼130 μM, *V* = 0.299 ml) was monitored between 5 and 95°C in terms of the solute partial molar heat capacity *C~P~* (raw signal corrected for the buffer contribution and normalized per mol of H) versus *T* thermograms ([Figure 2](#F2){ref-type="fig"}a). The differences between *C~P~* and the corresponding partial molar heat capacity of the folded DNA state (Δ*C~P~*) were analysed in a model-independent way (integration of the Δ*C~P~* versus *T* curve to obtain the calorimetric enthalpy of unfolding, Δ*H*~U,cal~) as well as in a model-dependent way (fitting of the reversible monomolecular two-state model (H ↔ U) to obtain the transition temperature, *T*~m~, standard enthalpy of unfolding, Δ*H*~U~° and standard heat capacity of unfolding, ΔC*~P~*,~U~°) ([@B21],[@B22]). Figure 2.Thermodynamics of unfolding of the model oligonucleotide. (**a**) DSC thermograms (*C~P~* as a function of *T*). (**b**) UV melting curves (molar extinction coefficient at 260 nm as a function of *T*). (**c**) CD melting curves (molar ellipticity at 250 nm as a function of *T*). Insets: The corresponding excess heat capacity (Δ*C~P~*; every tenth experimental point) (panel a) and the fraction of the unfolded oligonucleotide (panels b and c) temperature profiles obtained from the presented raw data. Lines represent the best fit of the reversible two-state model (H ↔ U). The resulting thermodynamic parameters are presented for DSC, UV and CD, respectively: *T*~m~ (°C) = 71.19(±0.01), 72.48(±0.05), 70.25(±0.16); at *T*~m~ (kcal·mol^−1^) = 61.67(±0.04), 64.39(±0.70), 65.91(±2.68); (kcal mol^−1^·K^−1^) = 0.193(±0.004). and are in agreement with the recently reported values of and for unfolding of the (5′-CGAATTCG-3′)~2~ duplex ([@B37]). The shapes of the model UV and CD melting curves do not depend significantly on parameter so reliable values cannot be obtained by the model analysis of the presented UV and CD data. The errors are s.d. (square roots of diagonal elements of variance--covariance matrix). The parameter errors due to the variation of possible folded and unfolded state baseline positions may be up to ten times higher than the presented s.d. The model-independent (integration of DSC thermogram) Δ*H*~U,\ cal~ = 61.5(±1.0) kcal·mol^−1^. Thermodynamic profile of unfolding at 25°C obtained from the model analysis of DSC data (values in kcal·mol^−1^): = 7.6 (±0.1), = 52.8 (±1.0), = 45.2 (±1.0).

UV-absorption spectroscopy (UV)
-------------------------------

All absorbance measurements were performed in a Cary Bio 100 UV spectrophotometer (Varian, Australia) equipped with a thermoelectrically controlled cell holder. UV melting curves of H at 260 nm ([Figure 2](#F2){ref-type="fig"}b) measured in a 1 cm cuvette (*c*~DNA~ ∼5 μM) and in 0.25 mm cuvette (*c*~DNA~ ∼130 μM) were analysed in terms of the two-state model of unfolding ([@B21],[@B22]).

Circular dichroism spectroscopy (CD)
------------------------------------

CD spectra were measured with an AVIV Model 62A DS spectropolarimeter (Aviv Associates, Lakewood, NJ, USA) equipped with a thermoelectrically controlled cell holder. Thermal unfolding of H was followed by recording CD spectra in a 1 cm cuvette (*c*~DNA~ ∼5 μM) and in 0.25 mm cuvette (*c*~DNA~ ∼130 μM) at different temperatures with the temperature step of 3°C. The corresponding CD melting curves obtained at 250 nm were analysed in terms of the two-state model of unfolding \[[Figure 2](#F2){ref-type="fig"}c; ([@B21],[@B22])\]. CD titrations were conducted at 25°C by incrementally injecting aliquots of L solution into a 2.2 ml (1 cm cuvette) of ∼10 μM H solution. Since L is not optically active, the presented difference molar ellipticities Δ\[θ\] ([Figure 3](#F3){ref-type="fig"}b) were obtained from the measured CD spectra by subtracting the corresponding ligand-free H spectra and normalizing to 1 M H concentration and 1 cm optical pathlength. The difference CD spectra were successfully described by the H + L ↔ HL binding model for which Δ\[θ\] at any wavelength is expressed in terms of the model function: Δ\[θ\] = Δ\[θ\]~HL~α~HL~, where Δ\[θ\]~HL~=\[θ\]~HL~ − \[θ\]~H~ and α~HL~ is the fraction of bound H. In the model function Δ\[θ\]~HL~ is obtained from the difference spectra observed at saturation (average spectrum at saturation multiplied by a parameter *A*) while α~HL~ depends on the known total concentrations of H and L and the apparent binding constant (*K*). Thus the shape and the intensity of the model binding induced spectra can be described by only two adjustable parameters *A* and *K*. To obtain their values we developed an algorithm for global fitting of the model spectra to the experimental spectra based on the non-linear Levenberg--Marquardt χ^2^ regression procedure ([@B23]). Figure 3.Structural information and circular dichroism experiments suggest a bimolecular ligand--DNA association. (**a**) Crystal structure of the netropsin--DNA complex \[NDB entry=BD0078 ([@B38]); netropsin: nitrogen=blue, oxygen=red, carbon=grey; DNA=(5′-GGCCAATTGG-3′)~2~: guanine and cytosine=green, adenine=red, thymine=blue\] on the basis of which our structure-based thermodynamic calculations for a rigid-body ligand--DNA association were performed ([Figure 5](#F5){ref-type="fig"}; see Supplementary Data). (**b**) CD difference spectra of netropsin association with the model DNA ([Figure 1](#F1){ref-type="fig"}) measured at various netropsin/DNA (single strand) molar ratios (*r*) at 25°C. For clarity reasons only every second spectrum is presented. The simple DNA + L ↔ DNAL binding model shows very good agreement with experimental data and results in the apparent binding constant of 9.3 (±0.7)·10^6^ M^−1^. Inset: the corresponding binding isotherms constructed at two wavelengths. Figure 4.Model analysis of anomalous heats of ligand--DNA association is supported by the gel electrophoresis experiment. (**a**) Enthalpies of netropsin association with the model DNA measured by ITC at various netropsin/DNA (single strand) molar ratios (*r*) and temperatures (c~DNA~ ∼15 μM) and the corresponding best global fit (lines) of the model \[[Figure 1](#F1){ref-type="fig"}, Equation ([1](#M1){ref-type="disp-formula"})\]. The best-fit parameters are presented in Supplementary Table 1. (**b**) ITC curves (symbols) measured at 25°C at *c*~DNA~ = 4 μM and 14 μM. Dotted line (4 μM) and full line (14 μM) are model functions calculated from the best-fit parameters presented in Supplementary Table 1. (**c**) Distribution functions of species H, HL, D~2~L and D~2~L~2~ ([Figure 1](#F1){ref-type="fig"}) at *c*~DNA~ = 4 μM (dotted line) and 14 μM (full line) obtained from the best-fit model thermodynamic parameters (Supplementary Table 1). The fraction of HL is corrected for the small contribution of HL~2~ species (non-specific binding) and actually represents the sum of the HL and HL~2~ fractions. The non-specific (low affinity) binding step HL + L ↔ HL~2~ was added to the model in order to achieve its better agreement with the ITC curves at *r* \> 1. Thermodynamic parameters accompanying the other binding events ([Figure 1](#F1){ref-type="fig"}) are not significantly correlated to parameters required for description of the HL + L ↔ HL~2~ step (see Supplementary Data). (**d**) PAGE mobility pattern of model DNA (*T* = 18°C) mixed with netropsin at different netropsin/DNA molar ratios (*r*). Control DNA = self-complementary duplex formed from two 5′-CGGAATTCCG-3′ strands should show approximately the same mobility as the hairpin form H ([Figure 1](#F1){ref-type="fig"}). Figure 5.Energetics of netropsin binding to the AATT site contained in various DNA oligonucleotides. Thermodynamic profiles at 25°C accompanying netropsin association with the model oligonucleotide ([Figure 1](#F1){ref-type="fig"}) based on the model analysis of the ITC data ([Figure 4](#F1){ref-type="fig"}) in comparison to the corresponding structure-based ([Figure 3](#F3){ref-type="fig"}a) thermodynamic calculations for a rigid-body netropsin association with the AATT site (d; see Supplementary Data) and the thermodynamic profiles taken from the literature \[a = Ref. ([@B19]), b=Ref. ([@B20]), c=Ref. ([@B3])\]. Error bars are estimated s.d. The standard thermodynamic quantities are presented in the following colours: Gibbs free energy (red), enthalpy (blue), entropy contribution (green) and heat capacity (violet).

Native polyacrylamide gel electrophoresis (PAGE)
------------------------------------------------

Samples of DNA oligonucleotides were mixed with an appropriate amount of ligand to achieve an oligonucleotide concentration of 100 μM and the desired ligand/DNA molar ratio (*r*). Ten microlitre of this sample mixture was added to 2 μl of loading buffer, then loaded onto a 22% (w/v) polyacrylamide gel (acrylamide: bisacrylamide ratio 37:1) and subjected to a constant voltage of 110 V for 2--3 h. The running buffer was 0.5×TBE buffer, containing 45 mM Tris, 45 mM boric acid and 1 mM EDTA at pH ∼ 8.5. To prevent thermally induced conformational changes to oligonucleotides, the electrophoresis cell was placed in a water bath maintained at a constant temperature of 18°C. After the electrophoresis, the gels were stained using ethidium bromide for ∼10 min and the fluorescent stains visualized and photographed under UV light using the DNr MiniBis Pro camera (DNr, Israel).

RESULTS AND DISCUSSION
======================

DSC thermograms, CD and UV melting curves show only one major (helix-to-coil) transition (*T*~m~ ∼71°C) that is independent of oligonucleotide concentration, scanning rate and the method applied ([Figure 2](#F2){ref-type="fig"}). The two-state model (H ↔ U) shows very good agreement with DSC, UV and CD melting curves \[[Figure 2](#F2){ref-type="fig"} (insets)\] and the resulting model-dependent Δ*H*~U~° values agree well with the model-independent Δ*H*~U~, ~cal~ and with the corresponding nearest neighbour estimate of 63.1 kcal·mol^−1^ ([@B24]). It follows that the observed melting process can be considered as a reversible monomolecular two-state transition. This fact and the observed shape of the pre-transitional DSC, UV and CD signals suggests that at lower temperatures (in the given concentration range) hairpin form is the sole DNA form in solution. The existence of hairpin as the only DNA form in the solution is in accordance with the ITC DNA dilution experiments showing a complete absence of heat effects that are characteristic for dissociation events like duplex-to-single strands transition (Supplementary Figure 1) and was confirmed by the PAGE experiment ([Figure 4](#F4){ref-type="fig"}d).

The binding induced circular dichroism (CD) spectra ([Figure 3](#F3){ref-type="fig"}b) show typical characteristics (shape, isoelliptic points, intensities) of 1:1 L binding to B-type double-helical DNA, and can be described by a single site binding model. Isothermal titration calorimetry (ITC) measurements also indicate a high affinity L-DNA association with 1:1 stoichiometry ([Figure 4](#F4){ref-type="fig"}a and b). However, in contrast to CD titrations they show that the observed binding is obviously not a simple bimolecular H + L ↔ HL process. In the course of our experimental work, Freyer *et al*. ([@B25; @B26; @B27]) reported that the binding of some minor groove agents to several hairpin-forming DNA sequences is accompanied by 'anomalous' ITC curves that can be described in terms of a 'two-fractional-sites' model. The model assumes the existence of pairs of DNA structures, ligand structures or ligand--DNA structures that are separated by a large energy barrier so that paired structures are not in equilibrium, at least at temperatures and on the timescale of the ITC experiments. Since this mathematically correct model has not been supported by any experimental evidence apart from its good agreement with the ITC curves, we started looking for a physically more appropriate binding model which would be able to account for the ITC data, and which would be indubitably supported by another experimental method.

It is well known that segments of DNA *in vivo* or model oligonucleotides in solution can adopt various conformations involving loops, junctions, mismatches, etc. ([@B28; @B29; @B30; @B31; @B32; @B33]). Thus, the unusual shape of the ITC curves may be ascribed to binding-coupled conformational changes in the DNA. It is possible to show that the observed shape of the ITC curves cannot be caused by reversible monomolecular changes (hairpin--hairpin, hairpin-unfolded, duplex--duplex, etc.), but only by alterations that are accompanied by a change of an oligomeric DNA state such as a hairpin-to-duplex transition. According to the melting ([Figure 2](#F2){ref-type="fig"}), ITC (Supplementary Figure 1) and PAGE ([Figure 4](#F4){ref-type="fig"}d) experiments, the starting (ligand-free) DNA conformation in all ITC experiments is the hairpin form. It follows that the formation of any duplex or higher oligomeric conformation that might accompany the titration could be induced only by binding of the minor groove-directed ligand. The model of the binding mechanism presented in [Figure 1](#F1){ref-type="fig"} is based on this conclusion. It assumes that, at a given temperature (*T*) and any ligand/DNA molar ratio (*r*), the equilibrium in the solution involves the following species: L, H, HL, D~2~L and D~2~L~2~ (defined in [Figure 1](#F1){ref-type="fig"}). Thus the enthalpy change at a given temperature (Δ*H~T~*) induced by the binding of L and expressed per mol of added ligand is ([@B11],[@B34]): where is the standard enthalpy of formation of the complex *i* from H and L, and represents the corresponding partial derivative in which *n~i~* is the amount of the complex *i* and *n*~2~ is the total amount of added ligand. We developed an algorithm for global fitting of the model function \[Equation ([1](#M1){ref-type="disp-formula"})\] to the experimental ITC curves based on the iterative non-linear Levenberg--Marquardt χ^2^ regression procedure ([@B23]). Each binding step ([Figure 1](#F1){ref-type="fig"}) is described in terms of changes of standard thermodynamic (adjustable) parameters: Gibbs free energy () and enthalpy () at the reference temperature *T*~o~ = 25°C and heat capacity (; assumed to be temperature independent) that define at any *T* by the Gibbs--Helmholtz relation, \[∂(/*T*)/∂*T*\]*~P~*=−/*T*^2^, and Kirchhoff\'s law, \[∂/∂*T*\]*~P~*=. Thus, with the adjustable parameters , and known for each step in the binding mechanism ([Figure 1](#F1){ref-type="fig"}), the equilibrium populations of species in solution ([Figure 4](#F4){ref-type="fig"}c) and the model function \[Equation ([1](#M1){ref-type="disp-formula"})\] are completely defined. The model shows good agreement with the ITC data ([Figure 4](#F4){ref-type="fig"}a and b), and the resulting speciation diagram ([Figure 4](#F4){ref-type="fig"}c) is supported by the corresponding PAGE experiment ([Figure 4](#F4){ref-type="fig"}d) which shows that the mobility of a significant fraction of the DNA complexed with the bound ligand is about half that of the ligand-free DNA hairpin (*r* = 0). This observation strongly suggests the presence of a higher oligomeric DNA conformation (bulged duplex) resulting from binding of the minor groove-directed ligand, as predicted by the model. The model can also give a reasonable description of the ITC curves measured at different concentrations ([Figure 4](#F4){ref-type="fig"}b) and suggests that the bulged duplex states are less populated at lower DNA concentration ([Figure 4](#F4){ref-type="fig"}c). We found that the model assuming just one pathway of formation of fully ligated higher oligomeric conformation (duplex, triplex) from H and L (via HL complex) fails to describe the ITC curves. Moreover, ITC experiments performed within the time interval of ∼1 h and one day resulted in the same calorimetric isotherms (data not shown) indicating that the observed unusual signals ([Figure 4](#F4){ref-type="fig"}a and b) are not due to kinetically limited processes. In addition, it should be mentioned that PAGE does not support all the details in the predicted binding mechanism. Namely, a close inspection of PAGE experiment ([Figure 4](#F4){ref-type="fig"}d) suggests that the ligand-free DNA lane may consists of two close-running bands, rather than one. According to melting experiments ([Figure 2](#F2){ref-type="fig"}), the more mobile band at 18°C does not result from the unfolded structure, but more likely reflects another hairpin conformation. Its contribution to the overall binding energetics, however, cannot be obtained independently from the model analysis of the ITC data (total correlation of additional adjustable parameters with the existing fitting parameters). In the light of our PAGE experiment, the proposed binding mechanism is somewhat speculative since one could expect that pairs of hairpin (H, HL) and bulged duplex (D~2~L, D~2~L~2~) species have slightly different mobilities in the non-denaturing gel. Nevertheless, the binding mechanism is entirely consistent with the observed ITC data and, moreover, our key suggestion that a classical minor groove binder may induce conformational alterations on DNA (hairpin-to-duplex transition) is fully supported by the PAGE experiment.

A thermodynamic description of the binding mechanism ([Figure 5](#F5){ref-type="fig"}) shows that formation of the fully ligated duplex (D~2~L~2~) from the ligand-free hairpin (H), which is possible via two pathways, 2H+2L → 2HL → D~2~L~2~ and 2H+L → D~2~L+L → D~2~L~2~, is an enthalpy-driven process. The accompanying significant negative heat capacity changes suggest that the hydrophobic effect plays an important role in determining this binding event. More specifically, H+L ↔ HL association can be considered as an ordinary enthalpy-driven binding of netropsin to the AATT site, commonly reported in the literature ([@B3],[@B19],[@B20]), in which the favourable entropy contributions of the hydrophobic and polyelectrolyte effects are compensated by the loss of translational, rotational and configurational freedom of H and L. Moreover, the binding constant determined by ITC for the H+L ↔ HL step (1.0 (±0.1)·10^8^ M^−1^) is an order of magnitude higher than the corresponding apparent overall constant estimated from the CD titration (9.3·(±0.7)10^6^ M^−1^) clearly showing that the single site binding model is inappropriate, for thermodynamic description of the observed binding process. For the 2HL → D~2~L~2~ step, and are both less than zero, suggesting that formation of the fully ligated bulged duplex is governed by additional short-range interactions (stacking, H-bond) that take place within the internal loop of the duplex. Comparing the 2H+L → D~2~L and H+L ↔ HL steps, the observed value is much more positive and the and values both slightly less negative for the former. Comparing the steps D~2~L+L → D~2~L~2~ and H+L ↔ HL, however, much more negative , and values for the former are indicative for formation of additional short-range interactions mentioned above. In addition, the thermodynamics of netropsin--DNA binding can be reasonably well predicted by structure-based ([Figure 3](#F3){ref-type="fig"}a) thermodynamic calculations that have been successfully used in characterizing protein folding, protein--protein association and micelle formation ([@B34],[@B35]). Due to large errors in the thermodynamic quantities predicted by the parameterization, based on the changes in solvent accessible surface areas induced by the rigid-body binding and the additivity of several enthalpy and entropy contributions (Supplementary Data), this approach cannot describe the complicated, sequence-dependent thermodynamics of minor groove binding. However, the comparison with experimental data ([Figure 5](#F5){ref-type="fig"}) suggests that it may successfully set the thermodynamic limits within which the minor groove binding (netropsin to AATT) can be considered as a commonly observed (key-and-lock) association.

We have shown for the first time that consideration of the binding-induced DNA conformational changes may be crucial for understanding the classical minor groove binding of small molecules at the molecular level. Since many DNA sequences have a tendency to form different types of conformations, understanding the molecular mechanism of ligand--DNA association requires the combination of thermodynamics with independent information on the binding-induced changes of DNA conformation. Only one step in the binding mechanism presented here, H+L ↔ HL, does not involve a significant alteration in the DNA conformation. However, even in this case it would be wrong to denote the binding as a rigid-body association since, according to recent theoretical studies ([@B36]), the accompanying configurational entropy loss of the ligand molecule is not negligible. Therefore, we may conclude that full understanding of the forces that drive the binding of minor groove-directed ligands to DNA is only possible by taking into account the dynamic nature of both DNA and the ligand molecule.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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